Nanoperforated poly(lactic acid) (PLA) free-standing nanomembranes (FsNMs) have been prepared using a two-step process: (1) spin-coating a mixture of immiscible polymers to provoke phase segregation and formation of appropriated nanofeatures (i.e. phase separation domains with dimensions similar to the entire film thickness); and (2) selective solvent etching to transform such nanofeatures into nanoperforations. For this purpose, PLA has been mixed with polyethylene glycol (PEG) and poly(vinyl alcohol) (PVA). Unfortunately, the characteristic of PLA:PEG mixtures were not appropriated to prepare nanoperforated FsNMs. In contrast, perforated PLA FsNMs with pores crossing the entire film thickness, which have been characterized by scanning electron microscopy and atomic force microscopy, were obtained using PLA:PVA mixtures. The diameter () of such pores has been controlled through both the PLA:PVA ratio and the processing conditions of the mixtures, FsNMs with pores of  0.8 m, 170 nm and 65 nm being achieved. Investigations on nanoperforated FsNMs (i.e. those with   170 and 65 nm), which are the more regular, reveal that pores crossing the entire membrane thickness do not affect the surface wettability of PLA but drastically enhances the cellular response of this biomaterial. Thus, cell proliferation assays indicate that cell viability in PLA with perforations of  170 nm is 2.6 and 2.2 higher than in nonperforated PLA and PLA with perforations of  65 nm, respectively. This excellent response has been attributed to the similarity between the nanoperforations with  170 nm and the filopodia filaments in cells (100-200 nm), which play a crucial role in cell migration processes. The favorable interaction between the perforated membrane nanofeatures and cell filopodia has been corroborated by optical and scanning electron microscopies.
INTRODUCTION
The term giant nanomembrane was coined by Kunitake et al. [1] to denote selfsupporting membranes with thickness (L) from 1 to 100 nm and an aspect ratio of size and thickness higher than 10 6 . Besides such characteristics, these free-standing nanomembranes (FsNMs) exhibit other special properties, such as easiness of handling, low weight, high flexibility, robustness and, in some cases, transparency [2] . In the last decade, polymeric FsNM, have emerged as versatile elements for biomedical applications as varied as overlapping therapy, burn wound infection treatment, antimicrobial platforms, scaffolds for tissue engineering, drug-loading and delivery systems, biosensors, etc., as recently reviewed Pérez-Madrigal et. al [3] .
Among the synthetic polymers used to prepare FsNMs for biomedical applications, linear aliphatic polyesters, such as poly(lactic acid) (PLA) and poly(tetramethylene succinate) (PE44), have been extensively chosen since their biodegradation rate and mechanical properties can be easily controlled through variations in their molecular weight [3] [4] [5] [6] [7] . Within the specific case of PLA, Takeoka and co-workers [8] developed
FsNMs with L= 235 nm by spin-coating polymer solutions onto poly(vinyl alcohol) (PVA) sacrificial films. The mechanical properties and adhesion strength exhibited by such PLA nanosheets, encouraged the analysis of their feasibility as a wound dressing [8, 9] . On the other hand, Pensabene et al. [10] studied the biocompatibility, adhesion and proliferation activity of several cell types onto PLA FsNMs with an average thickness of L= 32027 nm, which were also prepared by spin-coating. Both, immortalized cell lines and primary cell lines cultured on those FsNMs exhibited good morphological and metabolic features and the ability to fully differentiate. Moreover, the effect of an underlying substrate on the interaction between cells and PLA FsNMs was recently investigated by collecting spin-coated nanosheets on both a stainless steel mesh and a SiO 2 substrate [5] . Although topological and mechanical properties of PLA FsNMs did not influence cell viability after 24 h of culturing, cells did geometrically sense the stiffness of the underlying material, thus affecting the adhesion geometry.
The aim of this work is to improve the applicability of PLA FsNMs as flexible bioactive substrates for cell culture by introducing uniformly distributed nanoperforations in a controllable manner. More specifically, cell adhesion and spreading have been significantly enhanced by adapting the dimensions of nanopores, which might penetrate the entire thickness of the ultra-thin film, to those of cell nanofeatures (i.e. promoting cell-substrate interactions). For this purpose, nanoperforated FsNMs have been prepared by spin-coating mixtures of PLA and a polymer with poor affinity towards such polyester, to develop phase-segregated ultrathin films with a thickness comparable to the dimensional scale of the phase separation domains. Application of the selective solvent etching technique, which was introduced by Walheim et al. [11] to illustrate the influence of the relative solubility of polymer blends on the structure of the films, to the biphasic nanosheets has resulted in the formation of perforated PLA FsNMs. The combination of spin-coating and selective solvent etching was recently employed by Zhang and Takeoka [12] to study the phaseseparation mechanism of immiscible polystyrene (PS) : poly(methyl methacrylate) (PMMA) mixtures and to prepare nanoperforated PMMA ultra-thin films.
In this work, phase-segregated ultra-thin films have been prepared by combining PLA with polyethylene glycol (PEG) and PVA. However, surface nanofeatures compatible with the fabrication of nanoperforated FsNMs via selective solvent etching were only detected in PLA-PVA ultra-thin films. Cell viability assays using nonperforated and perforated PLA FsNMs have proved that the behavior of the latter as bioactive substrate is much better than that of the former, even though it drastically depends on the nanopore dimensions. 
METHODS

Materials
Preparation of solutions and mixtures
For the fabrication of non-perforated PLA FsNMs, 50, 25 and 10 mg/mL polymer solutions in chloroform were prepared. 
Preparation of free standing nanomembranes
FsNMs were prepared by applying the procedure described by Kunitake and coworkers [13] , which was successfully used in previous works [6, 7, 14] . Firstly, a PVA solution in milliQ water (100 mg/mL) was spin-coated onto a glass slip, cleaned by successive sonication in acetone, ethanol, and water, at 2500 rpm for 60 s to obtain a sacrificial layer. After this, PLA, PLA:PEG and PLA:PVA solutions were spin-coated at speeds ranging from 2500 to 7000 rpm for 1 min to obtain ultra-thin films onto the sacrificial layer. Finally, samples were immersed into milliQ water for the separation of the nanomembrane from the substrate (i.e. dissolution of the sacrificial layer) as well as for the creation of pores (i.e. dissolution of PEG and PVA phases in PLA-PEG and PLA-PVA nanomembranes).
Profilometry
Film thickness measurements were carried out using a Dektak 150 stylus profilometer (Veeco, Plainview, NY). Different scratches were intentionally provoked on the nanomembranes and measured to allow statistical analysis of data. At least eighteen independent measurements were performed for two samples of each examined condition. Imaging of the films was conducted using the following optimized settings:
tip radius= 65.5 m; stylus force= 3.0 mg; scan length= 7 mm; and speed= 100 µm/s.
Atomic force microscopy (AFM)
The surface morphology and topography of nanomembranes supported onto glass slips, before and after application of selective solvent etching, were studied by AFM.
Images were obtained with a Molecular Imaging PicoSPM using a NanoScope IV controller under ambient conditions. The tapping mode AFM was operated at constant deflection (i.e. vertical constant force with triangular shaped gold-coated silicon nitride). The row scanning frequency was set to 0.87 or 0.68 Hz, depending on the sample response, and the physical tip sample motion speed was 10 mm/s.
RMS roughness (Rq) and profile sections of the images were determined using the statistics application and tools of the NanoScope Analysis software version 1.20 (Bruker), which calculates the average considering all the values recorded in the topographic image with exception of the maximum and the minimum. The scan window sizes were 1010 or 22 m 2 .
Scanning electron microscopy (SEM)
Detailed inspection of nanomembranes before and after application of selective solvent etching was conducted by scanning electron microscopy. A Focus Ion Beam Zeiss Neon 40 instrument (Carl Zeiss, Germany) equipped with an energy dispersive X-ray (EDX) spectroscopy system and operating at 1 and 5 kV for characterization of systems without and with cells, was used. Nanomembranes supported onto glass slips were mounted on a double-sided adhesive carbon disc. FsNMs were, firstly, mounted using silver staining and, after this, were sputter-coated with an ultra-thin carbon layer (6-10 nm) to prevent sample charging problems. The diameter of the perforations was measured with the SmartTiff software from Carl Zeiss SMT Ltd.
Wettability
Static contact angle measurements with the sessile drop method were recorded and analysed at room temperature on an OCA-15EC contact angle meter from DataPhysics
Instruments GmbH with SCA20 software (version 4.3.12 build 1037). The solvents, which were used as received, considered for this study were:
 MilliQ water;
 N,N-dimethyl formamide (DMF; Panreac, ultra-high purity);
 Ethylene glycol (EG; Merck >99.5%);
The sessile drop was gently put on the surface of non-perforated and nanoperforated PLA using a micrometric syringe with a proper metallic needle (Hamilton 500μL). The ellipse method was used to fit a mathematical function to the measured drop contour.
For each solvent and PLA system, 20 drops were examined.
Cell adhesion and cell proliferation assays
Vero (African green monkey kidney epithelial-like cell line) and MDCK (Madin Darby canine kidney epithelial-like cell line) cells were cultured in DMEM supplemented with 10% FBS, 1% penicillin and 1% streptomycin at 37ºC in a humidified atmosphere of 5% CO 2 in air. Culture media were changed every three days.
For sub-culture, cell monolayers were rinsed with PBS and detached by incubating them with 0.25% trypsin/EDTA for 5 min at 37ºC. Finally, cells were resuspended in 5 mL of fresh medium and their concentration was determined by counting at the Neubauer camera using 0.4% trypan blue as dye vital.
Perforated PLA nanomembranes were prepared by spin-coating on glass cover slips of 14 mm of diameter. Samples were placed in plates of 24 wells and sterilized using After culture, samples were fixed in a 2.5% formaldehyde PBS solution overnight at and 100º) at 4 ºC for 15 min per wash. Finally, samples were air-dried and sputtercoated with carbon before SEM observation.
RESULTS AND DISCUSSION
Non-perforated PLA free standing nanomembranes PLA FsNMs have been extensively studied [3, [5] [6] [7] [8] [9] [10] and, therefore, the aim of this sub-section is only to establish the influence of spin-coater controllable parameter in their most relevant nanofeatures. This information is relevant for the choice of the requirements subsequently employed in the preparation of perforated nanofilms.
In order to adjust the thickness, different PLA solutions in chloroform were spincoated onto glass slides for 1 min using different conditions. Table S1 indicates that the thickness of the films, as determined by contact profilometry, is severely affected by both the angular speed and the polymer concentration in the solution. Thus, although the variation of the thickness is inversely proportional to the speed in all cases, this phenomenon is more pronounced for the higher PLA concentrations, especially for the 50 mg/mL PLA solution. Among the tested conditions, membranes of nanometric thickness were only obtained with the lowest polymer concentration (10 mg/mL) and the highest spin-coater speed (7000 rpm). Figure 1a evidences that PLA nanomembranes prepared under such conditions are very homogeneous and smooth, the roughness being of only Rq= 1.1±0.2 nm.
After this, PLA ultra-thin films were deposited onto a PVA sacrificial layer of L= 23843 nm and Rq= 2.60.8 nm using the above selected conditions. After coating, samples were immersed into water for the separation of the PLA membrane.
Profilometry and AFM measures indicated that both the thickness (L= 238±43 nm) and roughness (Rq= 2.6±0.8) increased significantly with respect to the membranes deposited onto glass slides. Thus, spreading of PLA onto PVA was worse than onto glass, which has been attributed to the fact that PLA···PVA interactions are more attractive than PLA···glass interactions.
PLA-PEG nanomembranes
Fabrication of nanoperforated FsNMs using a technique based on the phasesegregation of two polymers and subsequent elimination of one of them via selective solvent etching requires fulfilment of the following conditions:
 The two polymers must be soluble in a common solvent to facilitate the spincoating process.
 The two polymers must be immiscible to promote the phase separation.
 The two polymers should have similar molecular weights to facilitate the formation of nanofeatures (i.e. nanopores).
 The polymer used to fabricate the nanomembrane must remain unaltered by the solvent employed to dissolve the less abundant polymer.
In this work, the first attempt to obtain nanoperforated FsNMs was done using PLA and PEG. Both materials are soluble in chloroform, while PLA and PEG are insoluble and soluble in water, respectively. PLA-PEG nanomembranes were prepared by spincoating 50:50, 60:40, 80:20 and 90:10 PLA:PEG mixtures as described in the Methods section, and applying 7000 rpm for 1 min. Table 1 lists the thickness and roughness of the resulting nanomembranes, which are compared with those achieved for PLA under the same conditions, while the corresponding AFM images are displayed in Figure S1 .
Although the incorporation of PEG affects significantly to both the thickness and 
PLA-PVA nanomembranes
In order to overcome the limitations detected in PLA-PEG nanomembranes, PEG was replaced by PVA in the spin-coated mixtures. Both PLA and PVA are soluble in HFIP. This solvent exhibits a low evaporation temperature (58.2 ºC) and, therefore, a high evaporation rate is expected during the spin-coating process. However, it should be remarked that the sacrificial layer used to transform the supported PLA-PVA ultra-thin films into the PLA FsNM was also made of PVA. Therefore, the sacrificial layer may be significantly altered by the dropping of the HFIP solution mixture onto its surface, affecting the formation of the PLA-PVA film. In order to evaluate the impact of such effect two complementary experiments were performed.
First, a PLA solution (10 mg/mL) in HFIP was dropped onto a PVA sacrificial layer and spin-coated at 7000 rpm for 1 min. The resulting nanomembrane was characterized by AFM before and after being treated with water to eliminate the sacrificial layer (Figures 1b and 1c, respectively) . It is worth noting that both the supported film and the FsNM exhibit a porous topography, even though the depth of such pores is smaller than the membrane thickness ( Figure S2 ). These results clearly indicate the HFIP affects the PVA sacrificial layer during the spin-coating process. In spite of this, the apparition of nanofeatures (i.e. pores) in the PLA nanomembrane should be considered as good result within the context of this work.
In the second experiment, a droplet of HFIP was deposited onto the PVA sacrificial layer (L= 3424 nm and Rq= 0.30.1 nm) and spin-coated at 7000 rpm for 1 min. After this, the thickness was not affected by the solvent (L= 34448 nm) while the roughness increased considerably (Rq= 0.50.1 nm). This variation, which is fully consistent with the apparition of nanofeatures in the previous experiment (Figures 1b and 1c) , suggests that the instabilities created by the addition of a PLA:PVA solution in HFIP onto the PVA sacrificial layer could facilitate the fabrication of perforated PLA FsNMs.
PLA-PVA nanombrembranes were fabricated using 80:20 and 90:10 PLA:PVA mixtures in HFIP using the process schematically depicted in Figure 2 . AFM topographic and phase images are displayed in Figure 3a and 3b, respectively. As it can be seen, nanofeatures obtained for both compositions are apparently compatible with the formation of PVA nanophases crossing the thickness of the whole PLA nanomembrane (Table 1) 
Characterization of perforated free-standing nanomembranes
In order to enhance control over the distribution and diameter of nanoperforations Moreover, this behaviour is consistent with the dimensions of the perforations, surface energies being slightly smaller for 90:10 PLA than for 90:10 PLA(stir).
Influence of nanoperforations in cell viability
Cell adhesion and proliferation on ultra-thin films depend on different factors, as for Filopodia are thin, actin-rich structures protruding from the lamellipodial actin network [23, 24] . These elements, which are finger-like, sense the extracellular environment at their tips using cell surface receptors [25] , playing an important role in cell migration. Thus, contact with an external target promotes the coupling of membrane-bound proteins to the backward flow of actin, which in turn produces the pulling forces needed for cell migration. This is essential for processes involving proliferation, as for example wound healing [26] . Figure S6 ). On the other hand, observation of the micrographs displayed in Figure 7 evidences that ultra-thin films frequently exhibit micrometric striation flaws. These defects have been attributed to unfavorable capillary forces provoked by changes in surface tension during solvent evaporation [12, 27] . This phenomenon, which is called "Marangoni instability", has been largely appreciated in ultra-thin films prepared by spin-coating. In this particular study, these tiny thickness undulations have very limited influence on the formation of the perforations as well as on cell adhesion and proliferation results.
The overall of these observations are fully consistent with our previous interpretation: cell elements interact intensely with nanofeatures of membranes with perforations of  170 nm while these interactions become weaker when nanoperforations are too small and, especially, when they are non-existent. 
CONCLUSIONS
